Dietary fiber (DF) and protein are essential constituents of a healthy diet and are well known for their high satiety impact.
Introduction
Ingested food induces multiple signals in the gastrointestinal (GI) 10 tract, important for digestion, subsequent systemic responses, and ultimately perceived sensation of satiety (1, 2) . The postprandial consequences are determined both by the specific chemical composition and the characteristic physical properties of the food. Accordingly, different foods, despite their equal energy content, can differ in their capacity to affect postprandial metabolism, especially secretion of GI peptides, thereby regulating energy homeostasis (3) .
Several studies have demonstrated that among the different macronutrients, protein has the highest satiating effect (4, 5) . Increasing dietary protein relative to carbohydrates and fat may also improve body composition by favoring maintenance or accumulation of fat-free mass and subsequently facilitating weight loss (6, 7) . However, the mechanisms responsible for the higher satiety of protein are still poorly understood. The higher satiety after increased protein intake may be related to the altered production of the orexigenic gut hormone ghrelin (8) and anorexigenic gastrointestinal (GI) peptides, such as glucagonlike peptide 1 (GLP-1) (9) and peptide YY (PYY) (10) . In addition, high protein intake produces a greater postprandial thermogenic response than carbohydrates or fat (4, 11) , which may also promote weight reduction and increase satiety (7) . Protein source and related postprandial hormone responses and metabolites may also affect satiety (11) , but studies on these effects are sparse.
Dietary fiber (DF) is another nutritional component strongly linked with enhanced satiety (12) . The satiating effect of DF has been explained by the decreased rate of gastric emptying and delayed macronutrient digestion and absorption within the GI tract (13) . These postprandial effects partly result from increased intraluminal viscosity (14) . Depending on the type, DF also has well-known beneficial effects on glycemia, insulinemia (15, 16) , lipid metabolism (17) , and large bowel function (18, 19) . However, only a few studies have so far investigated the effects of different DF on satiety-related GI functions, with inconsistent results. Furthermore, the combined effects of specific dietary fibers and proteins on these parameters are still poorly known.
Therefore, we investigated the postprandial GI peptide release after the consumption of foods high in DF or protein.
More specifically, we studied the effects of foods enriched with soluble fiber (psyllium) and vegetable protein (soy) on the release of postprandial satiety-related peptides and satiety in healthy young adults.
Methods
Participants. Sixteen healthy nonobese volunteers (13 female and 3 male; Table 1 ) participated in the study at the Department of Clinical Nutrition at the University of Kuopio. The volunteers were recruited to the study among the personnel and students of the University of Kuopio and other local institutions. In the beginning of the study, all volunteers were interviewed about their medical history, dietary habits, and physical activity. In addition, the volunteers completed 2 questionnaires, the Three-Factor Eating Questionnaire (20) and Bulimic Investigatory Test, Edinburgh (21) to exclude participants with abnormal eating behavior. All participants had normal glucose tolerance (fasting plasma glucose , 5.6 mmol/L and 2-h glucose ,7.8 mmol/L) determined by an oral glucose tolerance test. None of them were smokers or had had marked fluctuations in body weight during the past year.
The study protocol was approved by the Ethics Committee of the University of Kuopio and Kuopio University Hospital and was in accordance with the Declaration of Helsinki. All participants gave their verbal and written informed consent.
Test products. Four isoenergetic and equal-weight solid vegetable patties were served as test meals in the study. The detailed composition of the test meals is shown in Table 2 . The preparation of the patties was initiated by weighing and mixing all the ingredients for each type of patty. Each batch of dough (~1380 g) was divided into 12 patties (;115 g), which were then baked in a convection oven (Metos System Rational HCM) at 2008C for 15 min, cooled down, and stored in a freezer at 2208C until served.
In the morning of the test day, 2 patties per portion were thawed and heated (650 W, 3.5 min) on a porcelain plate covered with a hood in the microwave oven just before serving. The internal reference sample was white wheat bread (WWB) without added fiber or protein. A buffet-like meal consumed ad libitum was provided 2 h after the test meal consumption ( Table 3) .
Food intake. Participants were advised to document their food intake by keeping detailed 24-h food diaries during the study. This included food recording before each study day and half-day records for the remaining day after each experiment to reflect the effects of each test meal on subsequent food consumption after the 2-h study period. Mean daily energy and macronutrient intake from the food records and from the meal consumed ad libitum served after the end of the experimental period were analyzed using the MICRO-NUTRICA database (version 2.5; Finnish Social Insurance Institution).
Study design. At the first visit in the morning (0730-0900 h) after a 12-h fast, all the participants ingested a standard glucose load (75 g glucose dissolved in 300 mL water) for the oral glucose tolerance test. The test was performed using exactly the same study protocol as the following 5 study sessions to familiarize the participants with the protocol and measures. During the subsequent study visits, the participants ingested along with 400 mL of water 1 of the following isoenergetic test meals in a randomized order: 1) WWB; 2) a meal low in fiber and protein (LFLP); 3) a meal high in fiber [psyllium (Plantago ovata); FiberHUSK, W. Ratje Froeskaller ApS, DM] and low in protein (HFLP); 4) a meal low in fiber and high in protein (soy isolate; SUPRO EX 33 IP Non-GM, Solae) (LFHP); or 5) a meal high in fiber and protein content (HFHP). WWB was used as a test product, because it is commonly used to assess postprandial glycemic responses and satiety (22) . A LFLP meal was, in turn, needed to have a relevant study design to examine the effect of fiber and protein enrichment in the same food matrix. The participants were allowed 20 min to consume the test meal. The energy, macronutrient, and fiber contents of the test meals are presented in Table 2 .
Blood samples for the determination of plasma glucose, ghrelin, GLP-1, PYY, and serum insulin concentrations were taken through an indwelling cannula before and 20, 40, 60, 90, and 120 min after the ingestion of the test meals. The participants rated their appetite at the same time points immediately after the blood samples were drawn. After ingestion of the test meals, participants also rated the pleasantness of the meals.
Appetite measurements. Individual appetite (hunger, desire to eat, fullness, satiety) and pleasantness ratings were assessed with the use of visual analogue scales (VAS). VAS consisted of 100-mm horizontal lines with Finnish wordings anchored at each end that expressed the most negative or most positive sensation of appetite (i.e. "I am not hungry at all" or "I have never been hungrier"). The participants drew a vertical axis on the horizontal line corresponding to their sensations. Distances on the VAS were measured from the left border of the line in millimeters, resulting in scores between 0-100.
Biochemical analyses. Plasma samples for measuring ghrelin, GLP-1, and PYY were collected in prechilled EDTA-containing tubes and plasma samples for glucose in fluoride citrate-containing tubes. Serum samples for measuring insulin were collected in prechilled tubes. Plasma samples for ghrelin, GLP-1, and PYY were centrifuged within 15 min, for 15 min at 1700 3 g at 48C. Plasma samples for glucose were centrifuged for 10 min at 2400 3 g at 48C. Serum samples for insulin were allowed to clot in ice for 30 min and were then centrifuged at 2400 3 g for 10 min at 48C. All samples were stored at 2708C until assayed.
Plasma glucose was analyzed using an enzymatic photometric assay (Konelab 20XTi Clinical Chemistry Analyzer, Thermo Electron) and serum insulin using a luminometric immunoassay (ACS:180 PLUS, Bayer/Chiron). RIA methods were employed for the analyses of plasma total ghrelin, i.e. active octonyl ghrelin and inactive des-octonyl ghrelin and plasma total PYY, recognizing both PYY and PYY (Linco Research) . The inter-assay CV for the total ghrelin RIA kit was 8.1% at 191 pmol/L and 13.5% at 469 pmol/L and the intra-assay CV was 9.5% at 150 pmol/L and 8.2% at 362 pmol/L. The inter-assay CV of the total PYY RIA kit was 11.3% at 14 pmol/L and 8.8% at 50 pmol/L and the intra-assay CV was 11.0% at 15 pmol/L and 8.0% at 51 pmol/L.
We The results have been analyzed and expressed as the absolute changes from the fasting level to diminish the possible effect of differences in fasting levels within the participants and different meals. Repeatedmeasures ANOVA with treatment and time as within-participant factors and Huynh-Feldt as the correction factor were used to compare the response curves after different meals by testing for main effects and treatment 3 time interactions. Where a significant interaction or main effect was observed, post-hoc analyses were performed using the Sidak 
Results
Plasma glucose and serum insulin responses. Postprandial plasma glucose and serum insulin responses differed significantly among the test meals according to the DF content ( Fig. 1; Table  4 ). After the high-fiber (HFLP, HFHP) meals, glucose and insulin responses were blunted compared with either the low-fiber (LFLP, LFHP) or WWB meals during the entire 2-h time period (P , 0.001). After the low-fiber meals, glucose and insulin responses were also lower than following WWB meal (P , 0.05). In addition, the plasma glucose concentration differed between the high-fiber meals so that glucose response was lower after the HFHP meal than after the HFLP meal (P , 0.05).
The postprandial AUC for glucose differed among the meals (P , 0.001) so that the glucose AUC for the WWB was larger than the AUC for the low-fiber and HFHP meals (P , 0.01) ( Table 4 ). In addition, the glucose AUC for HFLP was larger than that for the high-protein (LFHP, HFHP) meals (P , 0.05). Postprandial AUC for insulin also differed (P , 0.001), with a larger insulin AUC for WWB than for the other meals (P , 0.01). Furthermore, insulin AUC after the low-fiber meals was larger than after the high-fiber meals (P , 0.001).
Plasma ghrelin, GLP-1, and PYY responses. Postprandial GI-peptide responses differed significantly among the test meals and were affected by the DF content ( Fig. 1; Table 4 ). Ghrelin concentrations decreased for 40 min after the low-fiber meals and for 60 min after the WWB meal, increasing thereafter toward the baseline. However, the declines in the ghrelin responses after high-fiber meals were clearly blunted and differed from the responses following the WWB and LFLP meals (P , 0.05). The ghrelin responses also differed between the high-protein meals so that the decline in the ghrelin concentration at 40 min was greater after the LFHP meal than after the HFHP meal (P = 0.05).
Postprandial GLP-1 concentrations increased for 20 min after the WWB, low-fiber, and HFLP meals, and then the concentrations returned gradually toward the baseline (Fig. 1) . In contrast, the GLP-1 concentration after the HFHP meal decreased below the baseline for the entire experimental period. The GLP-1 response for the HFHP meal differed from the lowfiber meals at 40 min (P , 0.05).
PYY concentrations increased for 40 min after the WWB and low-fiber meals and then gradually decreased toward fasting concentrations (Fig. 1) . In contrast, after the high-fiber meals, PYY concentrations increased and remained elevated for the entire 120 min follow-up period. However, the PYY responses after the high-fiber meals differed significantly only from the response of the WWB, especially at the end of the follow-up period; at 90 min, the PYY concentration increased more after HFHP and at 120 min after high-fiber meals compared with WWB (P , 0.05).
When the postprandial AUC for plasma GI peptide responses were compared among the meals, differences were detected only for ghrelin, such that the ghrelin AUC following the WWB and
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Appetite ratings. Feelings of hunger, the desire to eat, and the desire to eat the test food initially decreased and fullness and satiety increased after all test meals (P , 0.001) (Fig. 2) . After the 20-min nadir or peak, respectively, these ratings returned toward the preprandial levels. For desire to eat the test food, the ratings remained stable to the end of the study period (Fig. 2) . The responses did not differ among the test meals, except for the desire to eat the test food (P , 0.001), which decreased more after the high-fiber meals than after the WWB or LFLP meals (P , 0.05). The postprandial AUC for the high-fiber meals were also larger compared with the AUC for the other meals (P , 0.001).
The pleasantness of the meals was rated differently (P , 0.001). High-fiber meals were rated less pleasant than the lowfiber meals (P , 0.05). The HFHP was also rated less pleasant than the WWB meal (P , 0.05). The pleasantness of the test meals did not have a significant effect on subsequent satiety ratings.
Food consumption: meal consumed ad libitum and food records. Total energy intake (6450 6 195 kJ; P . 0.05) did not differ among the test meals on the days preceding the test days or at the meal consumed ad libitum (1849 6 109 kJ; P . 0.05) at the end of the 2-h follow-up period. Similarly, food consumption did not differ (energy intake, 4723 6 192 kJ; P . 0.05) during the rest of the test day after the test meals.
Discussion
To our knowledge, this is the first study to investigate the individual and combined effects of a specific DF and protein on postprandial responses of glucose, insulin, and GI hormones ghrelin, GLP-1, and PYY and on the concurrent appetite responses and food intake in healthy young adults. Our results indicate that psyllium fiber significantly affected postprandial responses, including GI peptide release, whereas the effect of soy protein was marginal. However, appetite ratings and subsequent food intake was mostly unaffected.
Soluble DF, like psyllium, are well known for their beneficial effects on postprandial glucose and insulin metabolism (15, 16) . Thus, as expected, the addition of psyllium fiber to the test meals strongly decreased the postprandial plasma glucose and serum insulin responses compared with the low-fiber meals. In contrast, differences in the amounts of carbohydrates or protein in the meals had only a modest effect on these variables. In our study, the amount of psyllium in fiber-enriched products was large (23 g). Postprandial glucose and insulin responses have been shown to decrease with a smaller amount, i.e. 7.4 g of psyllium added to a liquid meal (23), whereas 1.7 g of psyllium as a part of a solid meal had no effect (24) . For viscosityproducing oat b-glucan, a minimum amount (e.g. 4 g) of fiber is required to produce the favorable glucose-and insulin-lowering effects (25) . These viscosity-and soluble fiber-related responses are nonetheless likely to be fiber specific (26, 27) . Indeed, postprandial responses vary among different fiber types, most probably related to the fact that DF are, although all nondigestible, still a very heterogeneous group of constituents with different chemical and physical attributes related to, e.g., viscosity, water-holding capacity, and fermentability (28) .
We found no postprandial decrease in ghrelin after 23 g psyllium, which was ingested as a part of a 1250-kJ (300 kcal) meal. Studies examining the effects of soluble DF, including psyllium, on postprandial responses other than glucose and insulin are sparse and the results are inconsistent. To our knowledge, there is only 1 previous human study examining the effect of psyllium on postprandial ghrelin (29) and another studying the effects of psyllium on postprandial GLP-1 (24) , but none on PYY responses. In the study by Nedvidkova et al. (29) , consumption of a much smaller amount of psyllium fiber (4 g) in a noncaloric liquid meal decreased postprandial plasma ghrelin concentrations as much as a standard 2439-kJ (585 kcal) breakfast in healthy women (n = 6) (29). The postprandial plasma ghrelin concentration did not decrease after either the intake of a noncaloric liquid meal containing 21 g of soluble guar gum fiber (30) or after meals rich in vegetables and fruits, i.e. foods rich in soluble fiber (31) . The postprandial decrease of ghrelin was also blunted after meals with 6 g of soluble arabinoxylan fiber (32) . The enrichment of isoenergetic breads with 10 g of insoluble wheat fiber also blunted the postprandial responses of both ghrelin and PYY, which did not occur after the same amount of insoluble oat fiber (33) . Interestingly, in our study, postprandial PYY was clearly increased by the psylliumenriched test meals, indicating that the postprandial ghrelin and PYY responses are likely not to be tightly interrelated.
It is also possible that the resultant glucose and insulin responses might have been insufficient after the fiber-enriched meals to significantly affect, e.g., ghrelin suppression. The postprandial suppression of ghrelin has been associated with amounts of carbohydrate sufficient to raise glucose and insulin concentrations (33, 34) , although a cause-and-effect relationship among ghrelin, glucose, and insulin is less than conclusive (35, 36) and may be altered by the degree of obesity and the metabolic syndrome (37) . The responses might also depend on the assay systems used to determine peptide concentrations. For example, consumption of an insoluble carob pulp fiber preparation decreased postprandial concentrations of acylated ghrelin, whereas total ghrelin concentrations were unaffected (38) .
In our study, 23 g of psyllium somewhat attenuated the GLP-1 response when ingested without added soy protein compared with the low-fiber meals, but the response was still present. However, when the test meal was enriched with both the psyllium fiber and soy protein, the postprandial GLP-1 response was completely abolished. The 3 earlier studies examining the postprandial GLP-1 responses to DF have reported inconsistent results with elevated (39) (guar gum 2.5 g), inhibited (40) (total DF 12.8 g), or unaffected (41) (total DF 4.7 g) GLP-1 responses. In a previous study, a meal enriched with a small amount of psyllium (1.7 g) did not affect the postprandial GLP-1 response (24) . Previous studies have shown that soy protein may affect appetite-related gut peptide responses, lowering postprandial ghrelin responses and stimulating GLP-1 release compared with a carbohydrate-rich meal (42) .
The possible interactions with large quantities of soluble fiber have, however, not been previously studied. Overall, protein content of the meals did not markedly modify the postprandial metabolic or hormonal responses in the present study, except for plasma GLP-1 concentration when consumed together with psyllium fiber. It should be noted that the amount of protein in the protein-enriched test meals in our study was modest (25-28% of energy) compared with some earlier studies [e.g. 83% of energy in Erdmann et al. (30) and Bowen et al. (8)] and we cannot therefore rule out that the responses might have been different if a larger quantity of protein would have been ingested. On the other hand, in our study, the protein content was close to a normal diet.
In addition to the DF and macronutrient composition, the energy content of a meal has been shown to determine the postprandial plasma ghrelin (43), GLP-1 (44) , and PYY (45) release. In our study, all test meals were isoenergetic and thus the differences in energy content could not explain the different postprandial GI peptide responses. On the other hand, the differences in these responses could result from different delivery rates of the nutrients within the GI tract. Psyllium-enriched meals likely delay the rate of gastric emptying (46) and produce a slower and longer-lasting release and absorption of macronutrients due to increased intraluminal viscosity, a typical effect of soluble DF (47) . This effect may explain the strongly attenuated or delayed postprandial responses of glucose, insulin, ghrelin, and PYY after the high-fiber meals. Furthermore, we have recently demonstrated that a highly viscous beverage blunts the postprandial GI peptide release compared with an otherwise identical low-viscosity product (48) . This effect is a logical consequence of the rheological attributes of viscosity. It is generally thought that viscosity may delay and impair the close interaction between the nutrients and GI mucosa essential for the efficient stimulation of enteroendocrine cells and GI peptide release, thus also blunting the concomitant stimulation of GI peptide release. As for the GLP-1, our results are of considerable interest, because GLP-1 has been shown to participate in insulin secretion (49) . Hypothetically, a high-fiber diet in the long term may have b-cell-preserving properties (50) .
Despite the considerable differences in the amount of soluble psyllium fiber and soy protein among the test meals, both the postprandial appetite ratings and subsequent food intake during the meal consumed ad libitum and rest of the test day were mostly unaffected. This was somewhat surprising, because the satiety-promoting and hunger-reducing effects of DF have been well demonstrated previously (14, 51) , also with psyllium (23, 46, 52, 53) . In addition to the positive effects on postprandial satiety, psyllium may also affect subsequent macronutrient consumption and energy intake (23, 52, 53) . In the present study, only the desire to eat the test food differed among the meals, such that high-fiber meals more strongly decreased the desire to eat the test food, suggesting sensory-specific satiety rather than satiety in general. High-fiber products were also rated as the most unpleasant among the different test products, which could have affected this specific sensation. Nonetheless, the pleasantness ratings in general were not significantly related to the postprandial appetite ratings. It should also be noted that in the present study, all the test products were solid meals and the differences in appetite ratings were possibly not so pronounced due to their uniform matrix. Subjective sensations are also typically characterized by large inter-individual variation (54) . It is therefore possible that the number of participants and thus the power of the study were insufficient to demonstrate the possible differences.
The differences detected in postprandial GI peptide responses were neither reflected in concurrent appetite ratings nor in subsequent food intake. Thus, despite the convincing evidence that specific gut peptides are related to sensations of hunger or satiety/fullness (55), the postprandial differences in these peptide responses after different test meals may not be readily mirrored in parallel appetite ratings or energy intake, as shown previously (56, 57) .
In conclusion, soluble psyllium fiber not only decreased postprandial glucose and insulin responses but also influenced concomitant GI peptide responses, especially ghrelin and PYY release. In combination with soy protein, psyllium also modified postprandial GLP-1 release. This finding may be of interest for the known effects of GLP-1 on insulin secretion. The results on psyllium confirm earlier results about the effects of soluble DF in modulating subsequent metabolic responses in postprandial physiology, possible related to textural properties of food.
